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Abstract: The high thermal stresses generated at the interface between the contacting surfaces due to the sliding 
between parts of sliding system such as friction clutches and brakes. In this work, pin-on-disc test rig was built to 
find the temperature field during the sliding operation using experimental and numerical approaches. In the 
experimental approach, infrared camera was used to find the temperature distribution, while in the numerical 
approach a finite element technique has been used. Analysis has been completed using three-dimensional model 
to simulate a pin-on-disc system. The numerical results have shown a good agreement compared with the 
experimental results. 
 




1  Introduction 
At beginning of the engagement of friction clutch the 
slipping will occur between the contacting surfaces 
and high energy will dissipate during this period. 
The frictional heat generated at the sliding interface 
causing an increase in the surface temperature of the 
contacting surfaces of the clutch elements (flywheel, 
clutch disc and pressure plate in a single-disc clutch 
system). The surface temperature and the forces 
involved are sufficiently to produce non-uniform 
deformation which affects the temperature field and 
the pressure distribution. As a result of this situation, 
the high temperature and contact pressure will focus 
on a small zone of the contact area and this will lead in 
some cases to premature failure in the friction clutch 
surfaces. In order to avoid this kind of failure, it should 
be investigate deeply the thermoelastic behavior of 
the sliding system to know the safe working condition 
of any application of sliding systems. 
Abdullah and Schlattmann [1−7] investigated the  
temperature field and the energy dissipated of the 
dry friction clutches during a single and repeated 
engagement assuming a uniform pressure and a 
uniform wear conditions. They also studied the effect 
of pressure between contacting surface on the tem-
perature field and the internal energy of clutch disc 
when it varied with time using two approaches: heat 
partition ratio approach to compute the heat generated 
for each part individually whereas the second applies 
the total heat generated for the whole model using 
contact model. Furthermore, they studied the effect 
of engagement time and sliding speed function, 
thermal load, and dimensionless disc radius (inner 
disc radius/outer disc radius) on the thermal behavior 
of the friction clutch at the beginning of engagement. 
Al-Shabibi and Barber [8] investigated an alternative 
method to solve the thermoelastic contact problem 
with frictional heat generation. Axisymmetric finite 
element model was built to study the temperature 
field and the pressure distribution of two sliding disks. 
Constant and varying speeds were considered in this 
analysis. The results show that the initial temperature 
is shown to be crucial since it represents the particular 
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solution, which can have quite irregular form, and this 
situation is especially true when the system operates 
above the critical speed. 
Lee et al. [9] analyzed the effects of three load 
conditions of thermal loading, centrifugal force and 
contact pressure of diaphragm spring on pressure plate 
of a clutch system. The results show a significant effect 
of thermal loading and contact pressure that suggested 
an increase in the thickness of pressure plate to enhance 
the thermal capacity of pressure plate so that the 
thermal stresses may be reduced. 
Gao and Barber [10] simulated the engagement   
of wet clutches using Berger’s model and torque 
equations. They studied the fluid viscosity, friction 
characteristics, material permeability, moment of inertia, 
groove area ratio, and Young's modulus. One big 
concern of the wet clutch engagement is the engagement 
time which affects the frictional heat generated and 
thus the temperature. They found out that the viscosity 
and friction curves affect the engagement time and 
torque response. The moment of inertia has a big 
influence on the engagement time rather than the 
torque. Permeability, groove area and Young’s modulus 
have less effect on the torque than the other parameters. 
Zagrodzki [11] studied the frictional heating in 
sliding systems and the effect of sliding speed on the 
stability of the system when the sliding speed exceeds 
the critical value. Finite element model was used to 
investigate the transient thermoelastic process, and 
spatial discretization and modal superposition is 
presented. Constant sliding speed was performed  
in this analysis. The transient solution includes both 
of homogenous part (corresponding to the initial 
condition) and non-homogenous part (represents the 
background process). The results show that the 
important parameters which contribute in the back-
ground process are the nominal process equivalent to 
uniform pressure distribution in isothermal case and 
the other is the pressure variation caused by geometric 
imperfection or by design features. 
Shahzamanian et al. [12] studied the transient and 
contact analysis of functionally graded (FG) brake 
disk. The Coulomb contact friction is considered 
between the pad and the brake disc. It was found that 
the contact pressure and contact total stress increase 
with an increase in the contact stiffness factor.  
Gao and Lin [13] used a transient finite element 
technique to analyze the temperature field in a solid 
rotor of a brake system with appropriate thermal 
boundary conditions. Effects of moving heat source 
(pad) with a relative sliding speed variation were 
considered. The results show that the operating 
characteristics of the brake have potential effects on 
the surface temperature distribution and the maximum 
contact temperature. 
The sliding speed has a significant effect on the 
wear rate and the heat generated due to friction 
between parts of the sliding system. The surface tem-
perature of the clutches depends on the sliding speed 
and the contact pressure. When the sliding speed 
increases the contact surfaces will be soft and the 
friction will decrease. The relation between the friction 
and the sliding speed plays an important role to 
determine the shudder possibility of any clutch system 
[14, 15]. 
In this work thermoelastic model is developed to 
investigate the heat generated (heat flux) and the 
temperature field of a pin-on-disc system during 
sliding operation. Fully coupled thermal-mechanical 
approach has been developed to find the solution of 
thermoelastic problem of the sliding systems in dry 
condition. Furthermore, a pin-on-disc system has been 
built to measure the temperature field (using infrared 
camera) and compare the results with the results 
obtained using numerical approach. 
2 Failures in sliding systems  
The designers of the sliding systems such as automotive 
clutches and brakes need the sufficient knowledge 
about the friction and wear performance of the friction 
pair during the engagement. This knowledge can be 
used as a base to predict the performance and lifetime 
of the sliding systems. For example when the clutch 
starts to engage high energy will dissipate during 
this period by the frictional heat generation due to the 
interaction between the sliding surfaces which cause 
an increase of the surfaces temperature of the rubbing 
bodies. The local temperatures at the interface will 
occur and their values will oscillate depending on the 
actual contact area and the surface roughness of the 
contacting bodies. The accurate calculation of the heat 
Friction 4(2): 135–143 (2016) 137 
 
generation and the surface temperature is considered 
as the key to predict the clutch performance, wear 
characteristics, the suitable mating surfaces and the 
lifetime of the contacting surfaces. Figure 1 shows the 
effective variables on the thermo-mechanical behavior 
of dry sliding systems. 
3 Finite element formulation 
The fully thermal-mechanical approach used only one 
model to represent the sliding system. The main 
advantage of this approach is that it can be applied to 
unsymmetrical load to investigate more details about 
the stability situation in the sliding system (symmetric 
and unsymmetric geometries). Figure 2 shows the 
flowchart of finite element simulation of a coupled field 
problem of any sliding system using this approach. 
In order to verify this approach, the temperatures 
are calculated and compared for a block sliding over 
another fixed block taken into account the effect of 
friction between the blocks as shown in Fig. 3 [16]. 
Table 1 lists the material and geometric properties  
of the case study in Ref. [16]. The comparison of the 
results is presented in the Table 2. A good agreement 
is obtained which proves this approach. 
This section also presents the steps to simulate the 
frictional sliding between a steel pin and friction disc 
using ANSYS software. There are three basic types  
of contact used in ANSYS software: single contact, 
node-to-surface contact, and surface-to-surface contact. 
Surface-to-surface contact is the most common type 
of contact used for bodies that have arbitrary shapes 
with relative large contact areas. This type of contact 
is most efficient for bodies that experience large 
values of relative sliding such as block sliding on a 
plane or sphere sliding within a groove [17]. Surface- 
to-surface contact is the type of contact assumed in 
this analysis. The elements are used for contact elastic 
model in this analysis are: 
 SOLID226 (structural−thermal): used for all elements 
of pin and disc. 
 “CONTA174”: used for contact surface of the steel pin. 
 
Fig. 1 Diagram of the effective variables on the thermo-mechanical behavior of dry sliding systems. 
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 “TARGE170”: used for the target surface of the 
frictional disc. 
Figure 4 shows the schematic details of all elements 
that have been used in contact analysis. 
The stiffness relationship between contact and target 
surfaces will decide the amount of the penetration. 
Higher values of contact stiffness will decrease the 
amount of penetration, but can lead to ill-conditioning 
of the global stiffness matrix and convergence diffi-
culties. Lower values of contact stiffness can lead to 
certain amount of penetration and the values of contact 
stiffness can be low enough to facilitate convergence 
of the solution. The contact stiffness for an element of 
area A is calculated using the following formula [18]: 
T
kn { }( ) { } di iF f e f A              (1) 
where f is the shape function and e is the elastic 
restraining stiffness which is dependent on the material 
properties. The default value of the contact stiffness 
factor (Fkn) is 1, and it is appropriate for bulk defor-
mation. If bending deformation dominates the solution 
a smaller value of Fkn = 0.1 is recommended [17]. 
There are five algorithms used for surface-to-surface 
contact type: 
1. Penalty method: this algorithm used constant 
“spring” to establish the relationship between the two  
 
Fig. 2 Flowchart of finite element simulation of fully thermal-mechanical approach. 
 
Fig. 3 FE model of block sliding over another fixed block [16]: (a) sliding model, (b) FE model (No. of total elements = 125). 
Friction 4(2): 135–143 (2016) 139 
 
Table 1 Material and geometric properties [16]. 
Parameters Values 
Height (sliding block) (mm) 1.25 
Width (sliding block) (mm) 1.25 
Height (fixed block) (mm) 1.25 
Width (fixed block) (mm) 5 
Coefficient of friction, μ [1] 0.2 
Young’s modulus of friction material of both  
blocks (N/mm2) 7,000 
Poisson’s ratio for both blocks 0.3 
Density of both blocks (Ns2/mm4) 2.7×10−9 
Specific heat of both blocks (mm2/(s2K)) 9×108 
Conductivity of both blocks (N/(sK)) 150 
Thermal expansion of both blocks (K−1) 23.86×10−6
Initial speed (mm/s) 0 
Intitial tempearture (K) 0 
Table 2 Values of the temperatures of a block sliding over another 
fixed block. 
 T (K) (sliding block) T (K) (fixed block) 
Ref. [16] 1.235 0.309 
Present 1.234 0.3086 
Error (%) 0.08 0.12 
 
Fig. 4 Elements which used in the sliding simulation of a pin- 
on-disc test. 
contact surfaces (Fig. 5). The contact force (pressure) 
between two contact bodies can be calculated as 
follows:  
n n pF k x                 (2) 
where Fn is the contact force, kn is the contact stiffness 
and xp is the distance between two existing nodes or 
separate contact bodies (penetration or gap). 
2. Augmented Lagrange (default): this algorithm  
is an iterative penalty method. The constant traction 
(pressure and frictional stresses) is augmented during 
equilibrium iterations so that the final penetration is 
smaller than the allowable tolerance. This method 
usually leads to better conditioning and is less sensitive 
to the magnitude of the constant stiffness. The contact 
force (pressure) between two contact bodies is 
n n pF k x                 (3) 
where λ is the Lagrange multiplier component.  
3. Lagrange multiplier on contact normal and penalty 
on tangent: this method applied on the constant normal 
and penalty method (tangential contact stiffness) on the 
frictional plane. This method enforces zero penetration 
and allows small amount of slip for the sticking contact 
condition. It requires chattering control parameters, as 
well as the maximum allowable elastic slip parameter. 
4. Pure Lagrange multiplier on contact normal and 
tangent: this method enforces zero penetration when 
contact is closed and “zero slip” when sticking contact 
occurs. This algorithm does not require contact stiffness. 
Instead it requires chattering control parameters. This 
method adds contact traction to the model as additional 
degrees of freedom and requires additional iterations 
to the stabilize contact conditions. It often increases 
the computational cost compared to the augmented 
Lagrangian method. 
5. Internal multipoint constraint: this method is used 
in conjunction with bonded contact and no separation 
contact to model several types of contact assemblies 
and kinematic constraints.  
 
Fig. 5 Contact stiffness between two contact bodies. 
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The heat dissipation due to friction is given by  
Ref. [17]: 
  FHTGQ V               (4) 
where Q is the rate of heat dissipation due to friction, 
and FHTG is the fraction of frictional dissipated 
energy converted into heat and has a default value as 1. 
If this real constant has a true 0 value then a very small 
value (such as 1×10−8) should be given otherwise if 
you enter 0, ANSYS will consider it as an input of 
default value, τ is the equivalent frictional stress and 
V is the sliding rate. The amount of frictional heat 
dissipation on contact surface is 
   c FWGT FHTGQ V            (5) 
The amount of frictional heat dissipation on target 
surface is 
      t 1 FWGT FHTGQ V          (6) 
where FWGT is the weight factor for the distribution of 
heat between the contact and target surfaces having a 
default value of 0.5. Similar to FHTG, for a true 0 value 
of FWGT a very small value (such as 1×10−8) should 
be given otherwise if you enter 0, ANSYS will consider 
it as an input of default value. 
Three dimensional finite element model of a pin- 
on-disc in contacts (steel pin and frictional disc) with 
boundary conditions is shown in Fig. 6. A mesh  
 
Fig. 6 FE model with boundary conditions (total No. of elements = 
1,211). ω*: angular sliding speed of the frictional disc. 
sensitivity study was done to choose the optimum mesh 
from computational accuracy point of view. The full 
Newton-Raphson with unsymmetrical matrices of 
elements is used in this analysis assuming a large- 
deflection effect. In all computations, it has been 
assumed a homogeneous and isotropic material and 
all parameters and material’s properties are listed in 
Table 3. In this analysis it is assumed a perfect thermal 
contact between contacting surfaces or in the other 
word the surface temperatures are equal in the interface 
for both discs and it is also assumed there are no 
cracks in the contacting surfaces. 
4 Results and discussions 
The first step in the experimental part of this work is 
building the structure of a pin-on-disc system as shown 
in Fig. 7. The effect of the sliding speed and applied 
normal load can be investigated using this test rig. 
Figure 8 shows the values of temperature field which 
were calculated using infrared camera during the 
sliding operation. 
Table 3 The properties of materials and operations. 
Parameters Values 
The radius of the steel pin (mm) 5 
Inner radius of frictional discs, ri (mm) 65 
Outer radius of frictional material, ro (mm) 98 
Thickness of frictional disc, tf (mm) 3 
Applied pressure, p (N/mm2) 0.2 
Angular sliding speed (rad/s) 150 
Coefficient of friction, μ 0.3 
Young’s modulus of friction material disc,  
Ef (N/mm2) 
0.30E3
Young’s modulus of the steel pin, Es (N/mm2) 200E3 
Poisson’s ratio of friction material disc and steel pin,
νf and νs 0.25 
Density of friction material, ρf (Ns2/mm4) 1800E−12
Density of steel pin, ρs (Ns2/mm4) 7800E−12
Specific heat of friction material, cf (mm2/(s2K)) 1000E6
Specific heat of steel, cs (mm2/(s2K)) 532E6 
Conductivity of friction material, kf (N/(sK) ) 0.65 
Conductivity of steel, ks (N/(sK)) 54 
Thermal expansion for friction material, αf (K−1) 12E−6 
Thermal expansion of steel, αs (K−1) 30E−6 
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Fig. 7 Test rig and temperature measurement of a pin-on-disc test. 
 
Fig. 8 Values of temperature which are calculated using infrared 
camera during the sliding operation. 
The numerical model of the sliding between a steel 
pin and frictional disc is simulated using finite element 
method to investigate the temperature field during the 
sliding and compared with the experimental results. 
The simulation couple between thermal and structural 
effects is used to calculate the pressure distribution 
between contact surfaces and the temperature field of 
the discs with time but in this work the surface tem-
perature is considered as the criteria to compare the 
results obtained from the numerical and experimental 
approaches. Figure 9 shows the history of the maximum 
temperatures during the sliding process, and the 
comparison has been made between the numerical 
and experimental approaches. A good agreement is 
obtained which proves the numerical model to deal 
with the sliding system in dry condition. 
5 Conclusions 
In this paper, the solution of sliding problem including 
the frictional heating between a steel pin and friction 
disc during the sliding operation has been performed. 
Three-dimensional finite element model was built to 
obtain the temperature field and the heat generation 
due to friction.  
It can be seen that the average values of temperature 
of steel pin are higher than the average temperature 
of frictional disc. This situation occurs due to the fact 
of using low values of thermal conductivity for friction 
materials. The thermal significant variation will be  
 
Fig. 9 History of the temperature during the sliding operation. 
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just near the contact area, and the thermal effect 
decreases when moving away from the contact area. 
Therefore, it is very important to use the frictional 
materials which have good thermal properties in the 
sliding systems, e.g., automotive brakes and clutches, 
to improve the thermal behavior and to increase the 
lifetime of the contact elements. 
This study presents a promising design tool to 
investigate the effect of materials type, surface 
roughness, boundary conditions, and the material pro-
perties dependent temperatures on the thermoelastic 
phenomena of sliding systems. 
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